DNA polymerases select for the incorporation of deoxyribonucleotide triphosphates (dNTPs) using amino acid side-chains that act as a "steric-gate" to bar improper incorporation of rNTPs. An additional factor in the selection of nucleotide substrates resides in the preferred geometry for the furanose moiety of the incoming nucleotide triphosphate. We have probed the role of sugar geometry during nucleotide selection by model DNA polymerases from Sulfolobus solfataricus using fixed conformation nucleotide analogues. North-methanocarba-dATP (N-MC-dATP) locks the central ring into a RNA-type (C2′-exo, North) conformation near a C3′-endo pucker, and South-methanocarba-dATP (S-MC-dATP) locks the central ring system into a (C3′-exo, South) conformation near a C2′-endo pucker. Dpo4 preferentially inserts N-MC-dATP and in the crystal structure of Dpo4 in complex with N-MC-dAMP, the nucleotide analogue superimposes almost perfectly with Dpo4 bound to unmodified dATP. Biochemical assays indicate that the S. solfataricus B-family DNA polymerase Dpo1 can insert and extend from both N-MC-dATP and S-MC-dATP. In this respect, Dpo1 is unexpectedly more tolerant of substrate conformation than Dpo4. The crystal structure of Dpo4 bound to S-MC-dADP shows that poor incorporation of the Southern pucker by the Y-family polymerase results from a hydrogen bond between the 3′-OH group of the nucleotide analogue and the OH group of the steric gate residue, Tyr12, shifting the S-MC-dADP molecule away from the dNTP binding pocket and distorting the base pair at the primer−template junction. These results provide insights into substrate specificity of DNA polymerases, as well as molecular mechanisms that act as a barrier against insertion of rNTPs.
B arriers to accurate replication of the genome are many and diverse in nature. 1 Evolution has retained overlapping DNA damage and replication stress responses that rely upon complex signaling cascades in order to maintain genomic integrity. 2 Residing within these cellular processes are molecular checks against aberrant genomic replication that depend upon the structure and function of certain nucleic acid metabolizing enzymes. In this respect, DNA polymerases are an important part of the barrier against genomic instability, as they provide a means of selecting the appropriate substrate from a pool of nucleotide triphosphates to be inserted opposite a given base, whether the base is damaged or not. 3, 4 Outside of covalent modification to canonical nucleic acids (i.e., DNA damage), one of the most common threats to genomic stability is the aberrant incorporation of ribonucleotides in place of 2′deoxyribonucleotides. 5, 6 The addition of a 2′-hydroxyl (OH) group to the furanose moiety of nucleic acids has dramatic and biologically important ramifications on the topology of the nucleic acid helix, protein−nucleic acid interactions and the overall stability of the macromolecule. Moreover, rNTP levels are higher than the corresponding dNTPs inside eukaryotic cells. 7 The higher concentration of rNTPs inside of cells is a barrier to accurate DNA replication since it creates suboptimal conditions for selection of dNTPs. It is, therefore, of great importance that we understand mechanisms that promote substrate specificity by DNA polymerases.
DNA polymerases discriminate against mis-insertion of ribonucleotide triphosphates (rNTPs), but the stringency of selecting deoxyribonucleotides (dNTPs) over rNTPs can vary several orders of magnitude from less than 10-fold to >10 6 -fold depending upon the polymerase under investigation and the identity of the base pair being examined. 7 To a large degree, the difference in nucleotide selectivity can be attributed to structural differences between DNA polymerase families, and several studies have elucidated the active site residues responsible for sugar selection during DNA synthesis. 8−13 The primary means of selecting dNTPs over rNTPs lies in the use of so-called "steric gate" mechanisms, which rely upon amino acid side-chains or backbone atoms that are usually found in the palm domain of the polymerase. Different polymerase families utilize variable steric-gate residues. For example, the Y-family polymerases from bacteria to humans use either a tyrosine or a phenylalanine side-chain to help prevent mis-insertion of rNTPs. 10, 13 Included among these enzymes is the model Y-family DNA polymerase Dpo4 from Sulfolobus solfataricus, which employs Tyr12 in the palm domain to select against rNTPs. 13 While mutation of the steric-gate residue in Dpo4 to alanine does abrogate sugar selectivity approximately 2000-fold, 14 dNTP insertion by the Dpo4 Y12A mutant is still preferred over rNTP insertion, which is suggestive of a role for factors beyond the steric-gate during furanose selection by Dpo4.
The covalent linkages between heterocyclic bases, the phosphate backbone and a central furanose moiety define the topology of nucleic acid structure. Furanose geometry within the context of nucleic acids has been studied in great detail, and there are clearly established preferred conformations for deoxyribonucleotides and ribonucleotides. 15 The conformation of the five-membered ring of furanose can be characterized by the values P and ν max in the pseudorotation cycle ( Figure 1A) . The diagrammatic representation of these values is often used as a way to quickly ascertain the nature of the molecules under investigation. In this regard, the "Northern" hemisphere represents furanose structures that are most often associated with C3′-endo ribonucleotides (RNA-like A-form helices), and the "Southern" hemisphere is most closely associated with C2′endo deoxynucleotides (DNA-like B-form helices). The conformation of the furanose moiety in RNA and DNA can oscillate between "puckers" because the free-energy barrier allows relatively facile conversion between species. 16 The study of furanose selectivity in the active site of DNA polymerases requires high-resolution crystal structures to identify conformational preferences. Recently, an elegant series of time-resolved crystal structures revealed the mechanism of phosphodiester bond formation by human DNA polymerase eta (hpol η) with unprecedented detail. 17 The reported structures reveal that the incoming dATP molecule retains a C3′-endo (A-form) pucker throughout the hpol η catalytic cycle, while the primer terminus shifts from the C2′-endo (B-form) in the ground state to a C3′endo conformation in the product state. These results suggest that the Y-family polymerases, like other DNA polymerases, have evolved to preferentially incorporate more RNA-like sugar puckers and must rely upon the steric-gate residue to prevent mis-insertion of rNTPs. Indeed, recent work has shown that the bacterial Y-family member, UmuC, displays proficient insertion of rNTPs and that mutation of the UmuC steric-gate residue converts the protein into a primer-dependent RNA polymerase. 18 Y-family polymerases are enzymes that are involved in DNA damage tolerance and replication stress response mechanisms. 19 Deciphering the factors involved in substrate selection by these enzymes is an important part of understanding how the unique active site structure participates in genomic maintenance. Chemical modification of natural substrates is a classical approach to understanding how form defines function. An alternative way to study the relative influence of different sugar puckers on the catalytic properties of DNA polymerases is to covalently modify the furanose ring in such a way that the geometry becomes "locked" or "fixed" in a certain conformation. The use of a bicyclo[3.1.0]hexane scaffold can produce furanose mimics that are locked in either the North or South sugar pucker. 20 The use of fixed-conformation nucleotide analogues to study DNA polymerase mechanism allows one to investigate the molecular features associated with dNTP selection over rNTPs (or other nucleotide analogues) by separating the influence of the sugar pucker for the incoming nucleotide triphosphate from contributions associated with protein interactions with the 2′-OH group. Previous results have shown that most polymerases and reverse transcriptases studied to date preferentially incorporate the more RNA-like North-methano-carba nucleotide triphosphates (N-MC-dNTPs). 21−23 The South-methanocarba dNTPs (S-MC-dNTPs) are generally not incorporated effectively by polymerases. We have utilized North and South oriented methanocarba-deoxyadenosine triphosphate (N-MC-dATP and S-MC-dATP, respectively) analogues to study furanose selection by two DNA polymerases from the crenarchaeote S. solfataricus P2. We provide structural and functional data probing the role of sugar puckering during nucleotide selection by Dpo4 and compare these findings to experiments with the B-family replicative polymerase Dpo1. Our results provide new insights into the molecular features that contribute to the selection of nucleotides by DNA polymerases.
■ EXPERIMENTAL PROCEDURES
Materials. All chemicals were of sufficient purity for crystallization studies. Unlabeled dNTPs were purchased from GE Healthcare Life Sciences (Piscataway, NJ). [γ-32 P]-ATP was purchased from PerkinElmer Life Sciences (Boston, MA). N-MC-dATP and S-MC-dATP were synthesized as described previously 24 and converted to triphosphate form by TriLink BioTechnologies (San Diego, CA). DNA oligonucleotides used in the polymerase assays and for crystallization were purchased from Integrated DNA technologies (Coralville, IA). The oligonucleotides were purified by the manufacturer and analyzed by mass spectrometry. Dpo4 was expressed and purified as described previously. 25 Dpo1 was expressed and purified as described previously. 26 Single-Nucleotide Insertion Polymerase Assays. For single-nucleotide insertion assays, a primer−template DNA substrate was prepared by radio-labeling. The 18-mer primer oligonucleotide sequence used was 5′-GGG GGC TCG TAA GGA TCC-3′ and the 23-mer template oligonucleotide sequence was 5′-GCA CTG GAT CCT TAC GAG CCC CC-3′. 32 P-labeled primer was annealed to template oligonucleotide by heating a 1:2 molar ratio of primer/template DNA to 95°C for 5 min and then slowly cooling to room temperature. The primer/template DNA substrate was then incubated with either Dpo4 or Dpo1 polymerase (pol) prior to extension. Each reaction was initiated by adding dNTP·MgCl 2 (20 micromolar of each dNTP and 5 mM MgCl 2 ) solution to a preincubated polymerase·DNA complex (2 nM pol and 100 nM DNA). For some experiments discussed in the text, higher amounts of Dpo4 (100 nM) were required to compare N-MC-dATP and S-MC-dATP insertion rates. Unless otherwise stated, all enzymatic reactions were carried out at 37°C in 50 mM HEPES buffer (pH 7.5) containing 60 mM KCl, 5 mM dithiothreitol (DTT), 100 μg mL −1 bovine serum albumin (BSA), and 10% (v/v) glycerol. At the indicated time points, 4 μL aliquots were quenched with 16 μL of a 95% formamide (v/v)/20 mM EDTA/0.1% bromophenol blue (w/ v) solution and were separated by electrophoresis on a 16% polyacryamide (w/v)/7 M urea gel. The products were then visualized using a Typhoon imager (GE Healthcare Life Sciences) and quantified using ImageQuant software (GE Healthcare Life Sciences).
Full-Length Extension Polymerase Assays. The same 18/23-mer primer/template DNA substrate used in the singlenucleotide insertion assays was used in the full-length extension experiments. The 18/23-mer primer/template DNA was then incubated with either Dpo4 or Dpo1 polymerase (pol) prior to extension. Each reaction was initiated by adding dNTP·MgCl 2 (0.5 mM of each dNTP and 5 mM MgCl 2 ) solution to a preincubated polymerase·DNA complex (5 nM pol and 100 nM DNA). At the indicated time points, 4 μL aliquots were quenched with 16 μL of a 95% formamide (v/v)/20 mM EDTA/0.1% bromophenol blue (w/v) solution and were separated by electrophoresis on a 16% polyacryamide (w/v)/7 M urea gel. The products were then visualized using a Typhoon imager (GE Healthcare Life Sciences) and quantified using ImageQuant software (GE Healthcare Life Sciences).
Steady-State Kinetics. To measure Michaelis−Menten kinetics, a 14/18-mer primer/template DNA substrate was used. A fluorescein-labeled 14 nucleotide primer strand (5′-FAM-GGG GGA AGG ATT CC-3′) was annealed to a 18 nt template strand (5′-TCA TGG AAT CCT TCC CCC-3′) with a 1:1 molar ratio of each oligonucleotide to generate a 14/18mer primer/template DNA by heating to 95°C for 5 min and then slow cooling to room temperature. Single-nucleotide incorporation by Dpo1 and Dpo4 was measured over a range of dNTP concentrations. Each reaction was initiated by adding dNTP·MgCl 2 (0.1−250 μM dNTP and 5 mM MgCl 2 ) solution to a preincubated polymerase·DNA complex (2 nM pol and 100 nM DNA for Dpo1; 5 nM pol and 100 nM DNA for Dpo4). The products were analyzed as described above for fulllength extension assays. The initial portion of the velocity curve was fit to a linear equation in the program GraphPad Prism (GraphPad Software, Inc., San Diego, CA). The resulting velocity was plotted as a function of dNTP concentration and then fit to a hyperbolic equation, correcting for enzyme concentration, to obtain estimates for the turnover number (k cat ) and Michaelis constant (K M,dNTP ).
Crystallization of Dpo4, X-ray Diffraction Data Collection and Processing. Crystallization of Dpo4 was performed essentially as described previously. 27 A 14 nucleotide primer strand (5′-GGG GGAAGG ATT CC-3′) was annealed to a 18 nt template strand (5′-TCA TGG AATCCT TCC CCC-3′) with a 1:1 molar ratio of each oligonucleotide to generate a 14/18-mer primer/template DNA by heating to 95°C for 5 min and then slow cooling to room temperature. The 14/18-mer DNA was used in both the N-MC-dATP and the S-MC-dATP complexes. Dpo4 was mixed with DNA (1:1.2 molar ratio) in 20 mM Tris-HCl buffer (pH 8.0, 25°C) containing 100 mM NaCl, 4% glycerol (v/v), and 5 mM βmercaptoethanol and then placed on ice for 1 h prior to incubation with 5 mM MgCl 2 and 0.5 mM of either N-MC-dATP or S-MC-dATP. The final Dpo4 concentration was ∼10 mg mL −1 . Crystals were grown using the sitting drop vapordiffusion method with the reservoir solution containing 20 mM Tris-HCl (pH 8.0 at 25°C), 15% polyethylene glycol 3350 (w/ v), 60 mM NaCl, 5 mM MgCl 2 , and 4% glycerol (v/v). Droplets consisted of a 1:1 (v/v) mixture of the Dpo4:D-NA:Mg 2+ :N/S-MC-dATP complex and the reservoir solutions and were equilibrated against the reservoir solutions. Crystals were soaked in mother liquor containing 25% polyethylene glycol 3350 (w/v) and 15% ethylene glycol (v/v) and then swiped through paratone-N (Hampton Research, Aliso Viejo, CA) and flash frozen in liquid nitrogen. Data sets were collected at the Advanced Photon Source (Argonne, IL) on beamline ID24-E maintained by the Northeastern Collaborative Acess Team (NE-CAT). Scaling and indexing were performed using HKL2000. 28 Structure Determination and Refinement. The structure was solved by the method of molecular replacement using the Phaser program in the Phenix software suite. 29 For the Dpo4·North structure containing N-MC-dATP, we used the protein and DNA molecules from a previously reported Dpo4 ternary complex (PDB ID 2J6S) as the search model. For the Dpo4·South structure containing S-MC-dATP, we used the protein and DNA molecules from a previously reported Dpo4 ternary complex (PDB ID 3T5J) as the search model. Several rounds of refinement in Phenix and model building in Coot 30 resulted in the final structure. Each structure displayed good stereochemistry with 94.5% and 94.4% (for the Dpo4:North and Dpo4:South structures, respectively) of the residues in the favored region of the Ramachandran plot. Pymol was used to create the figures representing the crystal structures. 31 ■ RESULTS
Dpo4 Preferentially Incorporates Fixed-Conformation
Nucleotide Analogues with RNA-like Sugar Geometry, while Dpo1 Tolerates both N-MC-dATP and S-MC-dATP Puckers. Two fixed-conformation nucleotide analogues were prepared as a means of probing the role of the sugar pucker in polymerase catalysis ( Figure 1B) . The N-MC-dATP conformation mimics the geometry normally preferred by Y-family DNA polymerases during nucleotide insertion, whereas the S-MC-dATP molecule is not effectively utilized by most DNA polymerases tested to date. 21−23 In order to test the conformational preferences for sugar selection by two of the four DNA polymerases from S. solfataricus, we performed single-nucleotide insertion experiments with fixed-conforma-tion analogues alongside unmodified dATP ( Figure 1 ). Similar to results reported previously for the DinB-homologue human DNA polymerase kappa (hpol κ), 22 the archaeal Y-family DNA polymerase Dpo4 only utilized the RNA-like N-MC-dATP to any measurable degree during the time course tested ( Figure  1C ). The rate of nucleotide insertion was 1.9 ± 0.3 nM min −1 and 0.26 ± 0.01 nM min −1 for dATP and N-MC-dATP, respectively ( Figure 1C ). Dpo4 was not able to insert S-MC-dATP under these experimental conditions. Relative to dATP insertion, the rate of N-MC-dATP insertion by Dpo4 was inhibited 7.3-fold by substitution of the furanose moiety with the bicyclo[3.1.0]hexane ring system but there was a clear preference for the RNA-like N-MC-dATP over S-MC-dATP.
Surprisingly, the B-family DNA polymerase Dpo1 can utilize both the RNA-like N-MC-dATP and the DNA-like S-MC-dATP with relatively modest differences between the two molecules ( Figure 1D ). The rate of nucleotide insertion was 0.45 ± 0.03 nM min −1 , 0.18 ± 0.03 nM min −1 , and 0.051 ± 0.007 nM min −1 for dATP, N-MC-dATP and S-MC-dATP, respectively ( Figure 1D ). Nucleotide insertion by the highfidelity B-family polymerase Dpo1 was inhibited 2.5-fold by N-MC-dATP and 8.8-fold by S-MC-dATP. In other words, Dpo1 inserts S-MC-dATP at a rate that is diminished about 3.5-fold relative to the rate observed for N-MC-dATP. These results are similar to those reported for the Y-family member human DNA polymerase eta (hpol η) and represent only the second report of a polymerase using S-MC-dATP with any degree of efficiency. 22 The initial time course experiments revealed that the high-fidelity polymerase Dpo1 is unexpectedly more tolerant of covalently modified dNTPs than the translesion polymerase Dpo4.
Extension from a North Pucker Is Inhibited for Both Enzymes but Dpo1 Shows Greater Tolerance by Extending from Either N-MC-dA or S-MC-dA. Next, we performed full-length extension experiments to compare the ability of Dpo1 and Dpo4 to insert and extend from the two fixed-conformation nucleotide analogues. A single template thymidine exists in the unpaired portion of the template strand of the substrate used in the full-length extension assay. As such, the polymerase should only utilize the fixed-conformation MC-dATP molecule once in the extension assay, namely, at the initial insertion step. Extension from the modified residue should then proceed with the polymerase using only unmodified dNTPs. The resulting gels clearly revealed that Dpo4 inserts N-MC-dATP but that extension from the modified nucleotide is inhibited ( Figure 2) . A mechanistic rationale for inhibited extension from N-MC-dA may be found upon consideration of the recent time-resolved hpol η structures, where the primer terminus clearly adopts a DNAlike C2′-endo, South pucker in the ground-state and reactant state. 17 It is only in the product state that the primer terminus adopts a C3′-endo pucker to avoid a clash with the nonbridging oxygen of the α-phosphate for the nucleotide being inserted by hpol η. In our experiment with the fixed-conformation N-MC-dATP, the incorporated N-MC-dA moiety would be unable to adjust to such a B-form type of sugar pucker in the early steps of the Dpo4 catalytic cycle and this may contribute to the inhibitory nature of extension from the fixed North pucker. Dpo1-catalyzed insertion and extension from N-MC-dA is inhibited relative to dATP but there is clearly more extended product formed by Dpo1 than that observed for Dpo4 ( Figure  2 , compare N-MC-dATP lanes for each enzyme).
We then tested the ability of the two polymerases to insert and extend from a DNA-like sugar pucker by including S-MC-dATP in the reaction mixture. Dpo4 fails to utilize the more DNA-like S-MC-dATP as a substrate for polymerization, consistent with the single-nucleotide insertion results. Unlike Dpo4, the B-family pol, Dpo1, can use the S-MC-dATP molecule at the insertion step, and extension from the modified S-MC-dA appears to progress one step beyond ( Figure 2 ). However, extension from S-MC-dA by Dpo1 does not go any farther, indicating that processive extension from the S-MC-dA moiety is inhibited relative to extension from N-MC-dA. Still, these results are consistent with single-nucleotide insertion experiments and suggest that Dpo1 is more tolerant than Dpo4 during insertion of fixed conformation nucleotide analogues mimicking the different sugar puckers.
Quantitative Analysis of Dpo4-Catalyzed Insertion of N-MC-dATP and S-MC-dATP. Steady-state kinetic analysis of Dpo4-catalyzed insertion of N-MC-dATP opposite dT was performed in order to quantify the change in polymerase activity during insertion of the RNA-like fixed conformation nucleotide. We also measured the steady-state kinetic parameters defining Dpo1-catalyzed insertion of dATP, N-MC-dATP and S-MC-dATP. Determination of the specificity constant (k cat /K m,dNTP ) revealed that though Dpo4 prefers the North-oriented geometry during insertion, the bicyclo[3.1.0]hexane modification inhibits polymerization approximately 2.6fold ( Table 1 ). The reduction in the specificity constant was primarily related to a decrease in the turnover number (k cat ), which is decreased ∼3.8-fold relative to dATP. We were unable to determine the steady-state kinetic parameters for S-MC-dATP using conditions similar to those for N-MC-dATP (data not shown). However, we were able to obtain some quantitative comparison between N-MC-dATP and S-MC-dATP insertion by increasing the concentration of enzyme in the reaction mixture to equimolar ratio with DNA substrate. Under these conditions, we observe Dpo4-catalyzed product formation for both fixed-conformation nucleotides (Figure 3 ). The measured rate of product formation was 0.26 ± 0.09 nM min −1 for N-MC-dATP and 0.010 ± 0.002 nM min −1 for S-MC-dATP. Therefore, the rate of DNA synthesis by Dpo4 is inhibited 26-fold by inclusion of the B-form type pucker in S-MC-dATP. This is in contrast to the results with Dpo1 where there was only a 3.5-fold difference in the rates observed for N-MC-dATP and S-MC-dATP (Figure 1 ). Steady-state kinetic analysis of Dpo1 insertion of N-MC-dATP and S-MC-dATP opposite template dT reveals that, like Dpo4, the reduction in catalytic efficiency results from a reduction in k cat , which is decreased ∼1.6-fold and ∼2.6-fold for N-MC-dATP and S-MC-dATP, respectively, relative to dATP. These results are consistent with the notion that Dpo1 is less perturbed by changes in the geometry of the central ring system of the incoming dNTP.
Structural Comparison of Dpo4 in Complex with N-MC-dATP and S-MC-dATP. We then sought to understand the molecular features associated with the relative intolerance of Dpo4 to different sugar puckers by solving the crystal structure of the protein in ternary complex with an incoming North and South MC-dATP molecules. We were able to successfully crystallize Dpo4 in complex with both fixed conformation nucleotide analogues. Crystals for each complex diffracted to 2.9 Å with good signal-to-noise and completeness ( Table 2) . We refer to the ternary complexes as Dpo4·North and Dpo4·South for the crystals grown in the presence of N-MC-dATP and S-MC-dATP, respectively. The Dpo4·North complex crystallized in the primitive orthorhombic P2 1 2 1 2 space group with a single protein·nucleic acid molecule in the asymmetric unit, while the Dpo4·South complex crystallized in the primitive monoclinic P2 1 space group, which possessed two protein·nucleic acid molecules in the asymmetric unit. As described in the Experimental Procedures, the structures were solved by molecular replacement using the protein and DNA molecules from previously reported Dpo4 ternary complexes. Each complex contained a 14 nt primer strand annealed to a 18 nt template with a thymidine set to pair with the incoming dNTP. Superimposition of Dpo4·North and the two protein molecules in the Dpo4·South structure reveals no dramatic alterations in protein structure between complexes ( Figure 4A ; rmsd = 0.64 and 0.76 Å for superimposition of Dpo4·North with Dpo4·South molecule A and B, respectively). The initial difference maps show clear positive density for the incoming nucleotide, as well as density near the metal ion binding sites. The metal ions were refined as calcium. A few minor changes are observed when comparing the primer-template DNA in the two structures. First, the dC:dG base pair at the far end of the duplex (i.e., the part of the DNA distant from the polymerase active site and exposed to solvent) is disordered in the Dpo4·South structure ( Figure 4A ). Also, the 3-dA located at the +1 position in the template strand adopts distinct conformations when comparing Dpo4·North and Dpo4·South ( Figure 4A, right panel) . In the Dpo4·North structure, 3-dA is found rotated toward the active site of Dpo4. With the exception of the active site changes discussed below, the conformation of the remainder of the primer−template DNA is largely conserved for the two structures. Analysis of the helical parameters using 3DNA 32, 33 shows that the primer-template DNA in both structures adopts a B-form helix, even near the polymerase active site. The dC residue at the primer terminus is found to adopt a C2′-endo conformation in all three protein·nucleic acid complexes. As expected the most interesting structural alterations are observed in and around the active site of Dpo4. First, the incoming nucleotide triphosphate has been hydrolyzed to the monophosphate in the Dpo4·North structure ( Figure 4B ), while both molecules in the Dpo4·South structure are found in the diphosphate form (S-MC-dADP) ( Figure  4C Residues in the thumb domain of each protein molecule coordinate a third calcium ion. An additional calcium ion is observed between the DNA substrate and the little finger domain, specifically coordinated with the side-chain of Asp294 and the phosphate moiety 10-dA in the primer strand. The base-stacking interactions observed for the nascent base pair are intriguing when one compares Dpo4·North to Dpo4·South. An average base-stacking distance of 3.4 Å between the incoming N-MC-dAMP and the dC:dG base pair at the −1 position is similar to molecule A from the Dpo4·South structure. However, molecule B of the Dpo4·South structure exhibits a severely compressed base stacking interaction, with an average distance of around 3.0 Å between S-MC-dADP:dT and the −1 dC:dG base pair ( Figure 4D ). In both Dpo4·South structures there is a slight buckling of the −1 base pair that results from the positioning of the incoming S-MC-dADP ( Figure 4C ,D, right panel). The S-MC-dADP molecules are both shifted toward the major groove side of the growing helix, which avoids clashes with the steric gate residue, Tyr12 ( Figure 5A ). In fact, the 3′-OH group of S-MC-dADP appears to form a hydrogen bond with the OH group on Tyr12, which may help stabilize the nonproductive binding of the nucleotide analogue. The distance between the α-phosphate and the 3′-OH group of the primer terminus extends from 6.2 Å in the Dpo4·North structure to 6.8 Å and 7.7 Å in molecules A and B of the Dpo4·South structure. Additionally, the position of the terminal 3′-OH group on the primer is moved inward, away from the incoming nucleotide, for the S-MC-dADP containing complexes ( Figure 5B ). Overall, the Dpo4·North structure possesses features indicative of a more productive catalytic complex than either molecule in the Dpo4·South structure. Indeed, the active sites of the two molecules in the Dpo4·South structure appear to represent a gradient in terms of the deviation from Dpo4·North structure, with Dpo4·South molecule A serving as an intermediate between Dpo4·North and Dpo4·South molecule B. Additional structural observations and comparisons are discussed in detail below.
■ DISCUSSION
The ability of nucleic acid polymerases to select specific substrates from a pool of highly similar molecules is one the most fascinating aspects of nucleic acid synthesis and a foundation for the accurate propagation of genomic material.
In the case of selecting either dNTPs or rNTPs, polymerases must distinguish between substrates that differ in a single atom housed in the furanose ring. Importantly, the insertion of rNTPs during replication of DNA is a biologically relevant source of genomic instability. 6 Estimates in Saccharomyces cerevisiae place the number of rNTPs inserted by the replicative DNA polymerases near 10 000 per cell division, 7 which is comparable to estimates for abasic site formation and oxidative DNA lesions in eukaryotic cells. 34 Moreover, ribonucleotide concentrations are higher than the corresponding deoxyribonucleotides inside cells, 35 which further adds to the need for strict selection of the appropriate dNTP during genomic replication. Therefore, a precise understanding of molecular determinants that select against mis-insertion of rNTPs is of great importance. The addition of a single hydroxyl group at the C2′ position of nucleotides alters the preferred geometry of the molecule and influences subsequent interactions with the polymerase active site. Deoxyribonucleotides preferentially adopt C2′-endo (South) conformations, while ribonucleotides most commonly reside in a C3′-endo (North) pucker. Comparing the pucker of the incoming dNTP observed in crystal structures of DNA polymerases from different organisms and families reveals that these enzymes almost universally prefer North sugar puckers for the incoming dNTP. Moreover, all DNA polymerases studied to date rely upon a steric exclusion, or steric "gate", mechanism of one sort or another to prevent insertion of rNTP substrates into the growing primer strand. While the steric gate confers a large portion of the selective power for DNA polymerases, other properties intrinsic to nucleotide geometry also play a role in determining catalytic preferences. Separating the role of the steric gate residue during substrate selection from intrinsic conformational preferences in the nucleotide triphosphate is difficult. The fixed-conformation nucleotides used in our study restrict the central ring system in a geometry that resembles either a North, RNA-like pucker or a South, DNA-like pucker (Figure 1 ). These molecules have been used previously to study how enzymes of various classes (e.g., kinases, DNA methyl transferases, polymerases/reverse transcriptases) utilize puckers from two antipodal regions of the pseudorotational cycle, 20 as well as in the study of nucleic acid structural properties. 36 We sought to understand how these modified nucleotides with a fixed sugar pucker interact with two DNA polymerases from S. solfataricus, the B-family replicative pol, Dpo1, and the Y-Family translesion pol, Dpo4, in order to ascertain how discrete puckers affect the activity of these enzymes. In this way, we were able to dissect the catalytic response of the Dpo1 and Dpo4 active sites to specific types of sugar puckering.
We first tested the functional capacity of Dpo1 and Dpo4 to insert N-MC-dATP and S-MC-dATP. Dpo4 shows a strong preference for insertion of the more RNA-like N-MC-dATP compared to S-MC-dATP in single-nucleotide insertion experiments ( Figure 1C ). This was not surprising, as it has been shown for Dpo4 and other polymerases that the incoming dNTP is found in a C3′-endo, North-type pucker. 13 The Yfamily polymerase Dpo4 does not insert the South-oriented S-MC-dATP to any measurable extent under steady-state conditions used here. We were able to observe and quantify Dpo4-catalyze insertion of S-MC-dATP by increasing the enzyme concentration (Figure 3 ). Under these conditions, Dpo4 catalysis was slowed nearly 9-fold by S-MC-dATP when compared to the RNA-like pucker of N-MC-dATP. These results are similar to those obtained previously with HIV-1 Reverse Transcriptase (HIV-1 RT) 21 and for human DNA polymerase kappa (hpol κ). 22 In contrast to Dpo4, the B-family member, Dpo1, can catalyze insertion of both N-MC-dATP and S-MC-dATP opposite template dT with relatively modest levels of inhibition by either nucleotide analogue ( Figure 1D ). While both fixed conformation nucleotides are inserted at a slower rate than dATP, there is only a 3.5-fold reduction in the rate for S-MC-dATP compared to N-MC-dATP, indicating that Dpo1 can use a South-oriented dNTP with relative ease compared to Dpo4. It is strange, in this instance, to consider the translesion polymerase Dpo4 to be the less tolerant of the two enzymes tested, as Dpo4 has been shown to bypass bulky DNA adducts in the template strand with greater efficiency than Dpo1. 26 The relative tolerance of Dpo1 for the modified nucleotide analogues was intriguing.
Full-length extension assays were then employed to determine if Dpo1 and Dpo4 could extend from the fixed conformation nucleotide analogues (Figure 2) . Again, Dpo4 only uses N-MC-dATP under the conditions tested and the enzyme is apparently inhibited at the extension step once N-MC-dA has been incorporated into the growing primer. In this respect, Dpo4 more closely resembles HIV-1 RT in that neither enzyme is terribly proficient at extending from the inserted N-MC-dA moiety, whereas hpol κ can insert and extend beyond N-MC-dA with relative ease. The inability of Dpo4 to extend from the 3′-OH group of the incorporated N-MC-dA is perhaps not surprising since the residue at the end of the primer strand is consistently found in a South C2′-endo pucker in crystal structures of Dpo4, including the current structures. Recently reported time-resolved X-ray crystal structures of the Y-family member hpol η show that the primer terminus adopts the DNA-like C2′-endo pucker in the early steps in polymerase catalysis (i.e., the ground-state and reactant-state), but like other polymerase families, a North C3′-endo pucker is observed once phosphoryl transfer has occurred. 17 A key step in nucleotidyl transfer by polymerases is the deprotonation of the 3′-OH group, which relies upon binding of the catalytic metal ion and a transfer of the proton from the 3′-OH group to the transient water molecule. A North-oriented C3′-endo pucker at the primer terminus clashes with the position of the transient water molecule in the hpol η structural study. 17 Inhibition of extension from N-MC-dA by Dpo4 would be expected since the 3′-OH group in the fixed-conformation nucleotide blocks productive positioning of the transient water molecule in the reactant state. Consistent with the singlenucleotide insertion assays, Dpo1 appears to insert and extend from both N-MC-dATP and S-MC-dATP ( Figure 2 ). Extension of the fixed-conformation nucleotides by Dpo1 is not as efficient as that observed for dATP, with the extension from S-MC-dA being largely limited to one nucleotide. The structural basis for greater tolerance by Dpo1 is unknown, and further investigation will be required to dissect the molecular determinants associated with Dpo1-catalyzed insertion of South-oriented puckers.
The biochemical assays reported here suggest that the Bfamily DNA polymerase is better able to accommodate variations in the geometry of the central ring system of incoming nucleotide triphosphates when compared to Dpo4. We were intrigued by these results and set out to solve the crystal structures of Dpo4 bound to both N-MC-dATP and S-MC-dATP in order to better understand the relative intolerance observed in the functional assays. We were successful in determining the structure of Dpo4 in complex with both fixed conformation nucleotide analogues. Superimposition of Dpo4·North structure with each of the two molecules in the asymmetric unit of the Dpo4·South structure reveals essentially no change in the overall protein structure. Each incoming nucleotide was hydrolyzed from the triphosphate to either the monophosphate in the case of N-MC-dAMP or the diphosphate for the South-oriented molecules ( Figure  4 ). Comparing the relative positioning of the incoming N-MC-dAMP and S-MC-dADP molecules to one another and to previously reported structures with dATP or ADP reveals much concerning the selection of sugar puckering by Dpo4.
Both N-MC-dAMP and S-MC-dAMP are paired with the template dT in a canonical Watson−Crick hydrogen bonding pattern. However, close inspection of the two structures reveals distinct and most likely, functionally relevant alterations. Relative to N-MC-dATP, the purine ring system for S-MC-dADP is shifted away from the Dpo4 active site residues ( Figure 5A) . A hydrogen bond is formed between the 3′-OH group of S-MC-dADP and the OH group on the steric gate residue, Tyr12 ( Figure 5A ). Movement of S-MC-dADP opens up a space for a water molecule to bind in the position occupied by the 3′-OH group of N-MC-dAMP, which forms a hydrogen bond with the backbone amide of Tyr12 in the Dpo4·North structure ( Figure 5C ). The steric gate adopts the same position in both Dpo4 structures reported here ( Figure 5 ). Since the fixed conformation S-MC moiety will not readily oscillate to a conformation that is tolerated by the position of Tyr12, the S-MC-dADP molecule is forced toward the −1 base pair in a manner that buckles the primer-template junction and places the α-phosphate in a position that is less favorable for transfer. These observations provide a structural basis for why Dpo4 inserts North-oriented sugar puckers over nucleotides that adopt a South-pucker in the polymerase active site.
While the overall fold of the protein does not deviate between structures, there are several interesting changes in the amino acid side chains surrounding the dNTP binding cleft of Dpo4. There are only minor side-chain differences observed for the catalytic Asp7, Asp105 and Glu106 residues when comparing the two structures. An alteration in the side-chain of Arg51 is observed but is most likely due to a passive "tracking" of the phosphates for N-MC-dAMP and S-MC-dADP and not as a result of active repositioning the nucleotides. Two residues (Tyr10 and Tyr48) are found in markedly distinct conformations when comparing Dpo4·North and Dpo4·South ( Figure 5C ). In the Dpo4·North structure, a water-mediated hydrogen bond between Tyr48 and the αphosphate moiety appears to assist in the stabilization of the incoming N-MC-dAMP. Such an interaction is not observed in the Dpo4·South structure ( Figure 5C ). When dATP occupies the active site of Dpo4 (PDB 2AGQ), Tyr10 and Tyr48 are found in the same orientation as that observed for Dpo4·North. In the previously reported structure the hydroxyl group of Tyr48 forms a hydrogen bond with the γ-phosphate of dATP. 37 Thus, Tyr48 appears to act as a "back-gate" to dNTP binding that does not close when S-MC-dADP is bound to Dpo4.
The Dpo4·North structure very closely resembles a previously reported complex of Dpo4 bound to dATP paired with dT. 37 In the previous structure, dATP adopts the slightly "Northwestern" C2′-exo pucker (P = 344°). The N-MC-dAMP molecule is also found in a C2′-exo Northwestern pucker (P = 334°). Indeed, N-MC-dAMP and dATP superimpose almost perfectly, with the exception of the phosphates (Figure 6 ), which is consistent with a preferential insertion of Northoriented puckering modes for Dpo4. By way of contrast, a recent study reported the crystal structure of the Dpo4 stericgate mutant Y12A with an incoming ADP. 13 As stated previously, Dpo4 relies upon stacking between the aromatic ring of Tyr12 and a hydrogen bond between the 3′-OH group of the incoming dNTP and a backbone amide group to select against ribonucleotides. The 2′-OH group of ADP is only accommodated when Tyr12 is mutated to alanine ( Figure  6B ). 13 The structure of the Dpo4 Y12A steric-gate mutant bound to ADP shows that the ribonucleotide is shifted down to occupy the space normally filled by Tyr12 and that the sugar is observed in a Northeastern C4′-exo pucker (P = 45°). Comparison of our Dpo4·North structure to the Dpo4-(Y12A)·ADP complex shows the expected difference in positioning of ADP because of the loss of Tyr12 ( Figure 6B ). Comparison of the three molecules (N-MC-dAMP, dATP and ADP) reveals a graded positioning of the α-phosphate that correlates nicely with the rate of Dpo4-catalyzed insertion (dATP > N-MC-dATP > ATP).
The fixed-conformation nucleotide analogues used in our study rely upon a bicyclo[3.1.0]hexane scaffold to lock the geometry of the central ring system. As such, one might suppose that the cyclopropane group could, in itself, alter the kinetic properties of the polymerases through steric effects during insertion of the modified nucleotide. However, several points argue against such a scenario. First, the central ring Figure 6 ). There are no protein contacts near the cyclopropane ring, and yet we observe a diminished turnover number for Dpo4-catalyzed insertion of N-MC-dATP (Table  1 ). The main structural difference observed between N-MC-dATP and dATP is the position of the α-phosphate, which is placed 2.2 Å closer to the primer terminus when dATP is bound in the Dpo4 active site. Similarly, the cyclopropane moiety of S-MC-dADP does not interact with the protein. The perturbations associated with S-MC-dADP binding to Dpo4 result from interactions with the 3′-OH group of the nucleotide and the steric gate residue, which wedges the incoming S-MC-dADP into the primer-terminus and positions the phosphates poorly for catalysis. Recently we showed that another Y-family member, human DNA polymerase iota (hpol ι) utilizes N-MC-dATP more efficiently than the unmodified nucleotide. 38 Again, there were no protein contacts near the cyclopropane ring with either N-MC-dATP or S-MC-dATP bound to the hopl ι active site. The primary effect of the bicyclo[3.1.0]hexane moiety was to alter the syn/anti equilibrium such that the adenine group of N-MC-dATP preferentially adopted the anti conformation. As covalent modifications go, the cyclopropane moiety is a relatively innocuous addition that tucks in under the fivemembered ring system of the modified dNTP. Thus, it would appear that any inhibitory effect imparted upon polymerase structure and function by the added size of the cyclopropane group is minimal.
The role of the furanose geometry in DNA polymerase catalysis has been studied in great detail. 10, 12 Sugar selection by DNA polymerases can have important ramifications upon genomic stability. Notably, the ability to discriminate against rNTP insertion varies several orders of magnitude depending upon which polymerase is under investigation. 10 Similar stericgate mechanisms are employed in general terms by all DNA polymerases to prevent mis-insertion of rNTPs. The best selectivity against rNTPs appears to reside in the A-and Bfamily DNA polymerases. X-family polymerases, such as pol β and pol μ, are clearly the worst polymerase family at selecting against rNTPs, where as Y-family polymerases represent intermediate selectivity against rNTPs. The preferential pucker of dNTPs and rNTPs in the active site of polymerases can contribute to how effectively these enzymes select from a pool of very similar substrates. The current study was an attempt to dissect the relative influence of the sugar pucker upon DNA polymerase activity by using fixed-conformation nucleotide analogues that mimic either a North or a South sugar pucker. On the basis of our functional assays, insertion of N-MC-dATP should represent an intermediate between efficient insertion of unmodified dATP and ineffective utilization of S-MC-dATP, and indeed this is what the structures reveal. Insertion of Southoriented nucleotides is impaired by interactions with the stericgate residue, which positions the incoming S-MC-dADP molecule in a nonproductive orientation and also disrupts the primer−template junction. N-MC-dAMP adopts a position that is almost identical to that observed for Dpo4 in complex with dATP. Finally, we report the interesting observation that the Bfamily polymerase from S. solfataricus, Dpo1, is apparently more tolerant of sugar pucker variation during nucleotide insertion and extension steps than the translesion enzyme Dpo4. Ongoing structural and functional investigations will attempt to understand the mechanistic basis for increased tolerance of different sugar puckers by Dpo1.
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